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1 OVERVIEW 

This research grant revolved around a multi-pronged project aimed at understanding the 
role of mechanosensory information processing for insect flight control. In contrast to 
extensive prior work on the role of visual information processing for flight control (e.g., 
optic flow, horizon tracking, object avoidance) and gyroscopic sensing in dipteran 
systems (e.g., haltere dynamics) far less is known about the mechanosensory information 
received via wings, legs, abdomen, antennae, and even head motions. These structures 
may provide parallel channels of information about the inertial dynamics of the entire 
animal as it is subjected to perturbations in its trajectory, but relatively little is known about 
how that information is used by the animal. Importantly, all of these structures are either 
actively moved or indirectly subjected to oscillations driven by wing inertial dynamics. 
Thus, all have the capability of providing sensory information for both simple inertial 
reactions and more complex Coriolis forces. In the case of wings, they may serve both a 
sensory and an actuator function; through the process of flapping flight, wing motions 
necessarily also provide gyroscopic information (Daniel et al., 2012). Similarly, the 
abdomen is critically involved in flight control via shifts in the mass distribution relative to 
the center of lift (Dyhr et al., 2012).  

We focused on two mechanosensory systems: (1) distributed wing strain sensors 
(campaniform sensilla) and (2) abdominal proprioceptive input. The former sensors were 
a subject of some preliminary research using behavioral studies, intracellular recording 
methods, and both light and electron microscopy. The latter subject is, as far as we know, 
unexplored and there is no clear literature on this topic. Both systems are best described 
as sensing actuators (i.e. “sensuators”) that both direct changes in the body trajectory 
and report changes in the body trajectory.  
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2 RESEARCH PRODUCTIVITY 

Over the course of this research project (2014–2017), we published 11 peer-reviewed 
manuscripts related to this grant. In addition, we contributed 23 papers that were 
presented at international meetings. A detailed list of these papers and conference 
proceedings can be found in Sections 9 and 10 of this paper. The majority of the 
contributed talks were presented at the annual meetings of the Society for Integrative and 
Comparative Biology (SICB). 

Because the research launched more projects than could be completed during the course 
of the grant, we still have a few more manuscripts and presentations that will continue 
past the end date of the grant. Details of these are described below. 

 

3 PERSONNEL 

The grant provided partial support for three postdoctoral trainees (sequentially). 
Interestingly, each ended up receiving independent support, making room for others to 
become involved in the research. As such, we also supported four graduate and post-
baccalaureate students and two undergraduate students.  

Many individuals who worked on the project received funds from other sources (e.g., NSF 
Graduate Research Fellowships, UW Institute of Neuroengineering, and the AFOSR 
Center of Excellence). Five graduate students (Bradley Dickerson, Annika Eberle, 
Thomas Mohren, Mark Jankauski, and Jorge Bustamante) worked on aspects of the 
research, but all had support from independent fellowships. 

 

4 BROADER IMPACTS 

Several high school students (Neil Chauhan, Jane Woods, Emma LaMarka, Luca 
Scheuer, and Marissa Dominquez) were involved in the research project, all of whom 
were co-authors of our contributed talks for the various SICB meetings. All were admitted 
to undergraduate programs of their choice. 

Several participants in the research (Elischa Sanders, Darren Howell, Brad Dickerson, 
Jorge Bustamante, and Kit Githinji) come from underrepresented groups. Dr. Dickerson 
defended his thesis in 2015 and has been awarded an NSF postdoctoral fellowship to 
work with Michael Dickinson at Caltech. Darren Howell graduated with a BS in 
Neurobiology and is joining a laboratory in the UW School of Medicine. Elischa Sanders 
graduated with a BS in Neurobiology and is joining the MD/PhD program at UC San 
Diego. Kit Githinji will be graduating with a degree in Electrical Engineering and is heading 
to the NASA Space Center in Houston as an intern. 

 

 

  



DISTRIBUTION A 
3 

5 EXTENSIONS OF THE RESEARCH 

The creation of the Air Force Center of Excellence on Nature Inspired Flight Technologies 
and Ideas1 owes its origins, in part, to many of the activities associated with this research. 
The early publications derived from this research program provided critical background 
for ideas that now are a central part of the COE. Among these are the notions of 
distributed wing strain sensing for controls, sensed actuators, sparse sensing, and neural 
filters.  

The work done in this grant also formed a key part of our new UW Institute of 
Neuroengineering. This is supported by a gift from the Washington Research Foundation. 
Its goal is to build a highly collaborative environment that brings together faculty, students, 
and staff from the entire University of Washington campus to solve some of the greatest 
scientific challenges related to neural system function. We aim to provide new assistive 
device technologies that improve quality of life, to develop neuro-inspired systems that 
spur the next generation of robotics and autonomous systems, and to foster a deeper 
understanding of neural system function. 

 

6 WING SENSING AND ACTUATION 

Over the past year, we embarked on a series of computational and experimental studies 
of wing strain sensing, partially funded by this program and by a grant from the AFOSR. 
The overarching result is that we have accumulated increasing evidence that wings serve 
the dual function of actuation and gyroscopic sensing. Clearly, wings provide lift and thrust 
forces. However, because their flapping motions lead to Coriolis forces when combined 
with body rotations, mechanosensory cells on the wings allow these structures to serve 
as gyroscopic organs.  

1. In Dickerson et al. (2014) we used a combination of electrophysiological and 
behavioral experiments to show that mechanosensory input to wings subjected to 
a mechanical stimulus that mimics pitching motions drives a reflexive response 
identical to that seen for both visual and whole body pitch responses. 

2. In Eberle et al., (2013) we developed a computational analysis that explores fluid 
structure interaction in flapping wings. We showed that structural, not 
aerodynamic, features dominate the emergent bending dynamics of wings.  

3. In Brunton et al. (2014) we used a combination of computational methods 
associated with sparse sensing, along with neural encoding, to demonstrate 
optimal sensor placement on wings for detecting Coriolis forces. That work also 
shows that we can use neural encoding approaches to provide an efficient method 
for dimension reduction of temporally varying signals.  

4. In Eberle et al. (2015) we showed that Coriolis forces on wings lead to wing 
twisting, and that the shear strains associated with twisting can provide a 
mechanism for detecting body rotations.  

                                            
1 http://nifti.washington.edu 
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5. In Pratt et al. (2017) we used multi-site extracellular electrode methods to more 
fully characterize the encoding properties of wing strain sensors. This project 
sought to unravel the specific features of wing deformation that are encoded by 
strain sensors (Sanders et al., 2014) and relied on the fact that wing 
mechanosensory cells are also temperature-sensitive. We used a laser to scan the 
surface of the wing while simultaneously recording from the sensory neurons in 
the wing nerve. Using spike sorting algorithms, we identified single units and their 
locations. With the multi-site electrode still in place, we then mechanically 
stimulated the wing while simultaneously recording from the wing nerve. Again 
using spike sorting, we identified units that are strain-sensitive. Importantly, this 
project allowed us to extract the stimulus features and the nonlinear decision 
functions that drive spiking in wing strain sensors. Since this paper is not yet online, 
it is included in this document as APPENDIX A. We also used micro-CT scanning 
to explore regions of the wing that contain patches of campaniform sensilla. Movies 
of these are available online as part of the supplemental material for that paper. 

6. In Jankauski et al. (2017) we explored the novel concept that turning maneuvers 
in flapping flight animals (and vehicles) can arise from purely inertial dynamics of 
asymmetric wing strokes. Nearly all of the literature associated with turning control 
in flapping flight focuses solely on the aerodynamic forces that arise from 
asymmetric wing strokes. However, conservation of angular momentum suggests 
that such asymmetric flapping motions must necessarily require some net torque. 
Given that wing mass can be significant, we explored the possibility that wing 
inertia contributes to a significant part of the net torques resulting from asymmetric 
strokes. We developed a flapping wing model integrating aero and inertial 
dynamics. We showed that wing angular momentum varies with stroke deviation 
phase, implying a non-zero impulse during a time-dependent phase shift. 
Simulations show wing inertial and aerodynamic impulses are of similar magnitude 
during short transients, whereas aerodynamic impulses dominate during longer 
transients. Additionally, inertial effects become less significant for smaller flying 
insects. Thus, we conclude (a) modest changes in stroke deviation can 
significantly affect steering and (b) both aerodynamic and inertial torques are 
critical to maneuverability, the latter of which has not been considered. Since this 
paper is not yet online, it is included in this document as APPENDIX B. 

In addition to these completed projects we have two more manuscripts nearing 
completion that owe their origins to research initiated on this grant. Since these are not 
available online, they are described below in a bit more detail than in the previously 
published papers.  

1. With Thomas Mohren and Bing Brunton, we are completing a manuscript that 
extends our merger of sparse and compressive sensing methods with neural filters 
to explore optimal sensor placement for gyroscopic sensory functions associated 
with distributed strain sensors on wings. A key result is that a neural filter based 
on the stimulus features identified in Pratt et al. (2017), when combined with sparse 
sensor placement algorithms, greatly reduces the number of sensors needed to 
classify the effect of body rotation based on wing strain. Interestingly, without the 
neural filter, that classification is exceedingly difficult, even with 40 sensors 
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distributed over the wing. With that filter, as few as three sensors can accomplish 
this. We hope to submit this work to the Proceedings of the National Academy of 
Sciences within the next few months. 

2. With Annika Eberle, Thomas Mohren, and Jessica Fox, we are finishing a 
manuscript that focuses on haltere strains. This was an offshoot of the work that 
showed how twisting motions arise in wings as a consequence of Coriolis forces 
acting on flapping and rotating wings. Interestingly, that twisting motion follows 
from how spatially distributed mass, when subject to Coriolis forces, experiences 
a torque that drives spanwise torsion. Prior computational work on halteres, 
however, treated them as point masses oscillating about some axis and subject to 
rotation about an orthogonal axis. Because of the point mass assumption, only 
lateral deflections can arise in response to Coriolis forces. However, if the end 
(knob) of the haltere is a distributed mass, the Coriolis force leads to a torsional 
deformation in addition to the lateral deflection predicted in prior literature. This 
mode of haltere deformation has not been reported in the literature and may 
profoundly affect our interpretation of strain sensing in halteres. We have built both 
computational (FEM) and analytic (Euler-Lagrange) models of haltere dynamics 
and demonstrated significant torsion. We are now using the stimulus features from 
Fox, Fairhall, and Daniel (2012) to predict the difference in campaniform spike 
responses that result from both torsion and lateral deflection.  We hope to complete 
this manuscript within the next few months. 

 

7 ABDOMINAL SENSING AND ACTUATION 

Because of the critical importance of the wings, less attention has been paid to the role 
of body shape, or the “airframe,” of the animal for flight control. Changes in the shape of 
the body of an animal can alter the relative positions of the center of pressure on the body 
or its center of mass relative to the center of lift and thrust produced by wings. Thus, the 
body itself could be a key contributor to the system of actuators involved in flight control, 
exercising “airframe-based” control.  Indeed, the control potential of body shape has been 
established for the passive, aerial descent paths of terrestrial lizards but not for flying 
animals. Over the course of this grant we sought to (1) characterize the mechanosensory 
structures in the abdomen of Manduca sexta and (2) establish extracellular recording 
techniques to characterize the encoding properties of abdominal proprioceptors.  

In these past years we have accomplished a number of our goals regarding the role of 
sensorimotor dynamics of the airframe (abdomen) motion. 

1. In Hinson et al. (2013) we showed that abdominal motions can be used for 
simultaneous actuation and state estimation (largely by a Coriolis sensing). 

2. In Dyhr et al. (2013) we showed that abdominal flexion permits active control of 
the flight trajectory and allows movement right on the edge of stability. 

3. In Cowan et al. (2014) we summarized the general topic of feedback control as a 
framework for understanding tradeoffs between stability and control. A portion of 
that study focused on airframe deformation as a control paradigm. 
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As with the wing strain sensing portion of this grant, we have additional ongoing projects 
on sensory information associated with abdominal position. To our knowledge no prior 
study has documented strain sensing in the abdomen in insect flight control, though we 
know it must be occurring. Adapting the experimental system that we established for wing 
strain sensing, we are now using multi-site extracellular electrode methods to more fully 
characterize the encoding properties of putative abdominal strain detectors. We are 
pleased to report that we have finally been able to record from the abdominal ventral 
nerve chord and use spike sorting algorithms along with multi-site electrodes to identify 
neurons that report abdominal motions. We presented that initial work in the 2015 
meetings of the Society of Integrative and Comparative Biology (SICB) in Florida. A new 
paper on this topic was presented at the 2017 SICB meeting by Akriti Chadda. 

Akriti Chadda, a visiting student from Hong Kong University of Science and Technology 
(HKUST), is co-advised by Professor Tom Daniel along with Professor I-Ming Hsing and 
Professor Wei Shyy of HKUST. She has been resident in the lab and has continued the 
efforts begun by earlier students focusing on the strain sensing and stimulus feature 
identification by mechanosensitive units extending from the abdomen into the ventral 
abdominal nerve chord of Manduca. She has identified a class of receptors that behave 
similarly to those found in wings, halteres, and even antennae: they all have similar 
stimulus features and similar nonlinear decision functions.   

Jorge Bustamante, a new graduate student in the lab, has extended the work begun by 
Dyhr et al. (2012) to solve the full nonlinear system of differential equations that define 
flight control with a combination of both abdominal flexion (airframe deformation) and wing 
forces. He has developed a model-predictive controller (MPC) that uses a Monte-Carlo-
based process to explore how complex flight paths can be controlled by airframe 
deformation. That work was initially presented at the 2017 SICB meetings, and a new 
version will be presented at the 2018 SICB meetings in San Francisco. 
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8 STUDENTS AND POSTDOCTORAL TRAINEES SUPPORTED BY THE GRANT  

This list represents any form of salary support, even part time. Asterisks indicate an 
underrepresented minority or protected class. 

 

Postdoctoral Trainees 

Jonathan Dyhr is now Assistant Professor of Biology at Northwest University. 

Eatai Roth is starting as Assistant Professor of Intelligent Systems Engineering at Indiana 
University. 

Tanvi Deora is a recent recipient of the Human Frontiers of Science Program postdoctoral 
fellowship and continues to work in a research projected related to the grant. 

 

Graduate and Post-baccalaureate Students 

Elischa Sanders* (Postbac) is now an MD/PhD Student in the UC San Diego 
Neuroscience program. 

Darrin Howell* (Postbac) is now a Research Scientist in the bio-motion lab at the 
University of Washington working with Dr. Sam Burden and Kat Steele. 

Brandon Pratt* (Postbac) is now a graduate student in the Quantitative Biology Program 
at Georgia Inst. Technology in the laboratory of Simon Sponberg. 

Octavio Campos* (Graduate student) has just completed his Ph.D. in Biology this summer 
and is seeking employment in the general area of recruiting and supporting under-
represented minority students in the sciences. 

 

Undergraduate Students 

Marissa Dominguez* (Biology Major at UW) 

Nathan Berry (Biology Major at UW) 

 

 

  



DISTRIBUTION A 
8 

9 PEER-REVIEWED CONFERENCE PROCEEDINGS AND PUBLICATIONS 
ASSOCIATED WITH THIS PROJECT 

 

1. Pratt, B., Deora, T., Mohren, T., and Daniel, T., “Neural Evidence Supports a Dual 
Sensory-Motor Role for Insect Wings,” Proceedings of the Royal Society Biological 
Sciences, (in press), 2017. 

2. Jankauski, M., Daniel, T.L., and Shen, I.Y., “Asymmetries in Wing Inertial and 
Aerodynamic Torques Contribute to Steering in Insects,” Bioinspiration & 
Biomimetics (in press), 2017. 

3. Roth, E., Hall, R.E., Daniel, T.L., and Sponberg, “The Integration of Parallel 
Mechanosensory and Visual Pathways Resolved through Sensory Conflict,”   
Proceedings of the National Academy of Sciences of the United States of America, 
pp. 12832–12837, doi: 10.1073/pnas.1522419113, 2016. 

4. Sponberg, S., Dyhr, J., Hall, R., and Daniel, T.L., “Luminance Dependent Visual 
Processing Enables Moth Flight in Low Light,” Science, Vol. 348, pp. 1245–1248, 
June 12, 2015. 

5. Brunton, B.W., Eberle, A., Dickerson, B., Brunton, S.L., Kutz, J.N., Daniel, T.L., 
“Sensor Placement and Enhanced Sparsity in a Sensory-Neural Decision,” 
Computational and Systems Neuroscience (CoSyNe) Conference, 2014. 

6. Cowan, N.J., Ankarali, M.M., Dyhr, J.P., Madhav, M.S., Roth, E., Sefati, S., 
Sponberg, S., Stamper, S.A., Fortune, E.S., and Daniel, T.L., “Feedback Control 
as a Framework for Understanding Tradeoffs in Biology,” Int. Comp. Biol. (in 
press), 2014. 

7. Dickerson, B., Aldworth, Z., Daniel, T., “The Control of Moth Flight Posture is 
Mediated by Wing Mechanosensory Feedback,” Journal of Experimental Biology, 
Vol. 217, pp. 2301-2308, doi: 10.1242/jeb.103770, 2014. 
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for Flight Control: An Active Role for the Abdomen,” Journal of Experimental 
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https://www.terkko.helsinki.fi/proceedings-of-the-royal-society-of-london-b-biological-sciences
https://www.terkko.helsinki.fi/proceedings-of-the-royal-society-of-london-b-biological-sciences
http://iopscience.iop.org/journal/1748-3190
http://iopscience.iop.org/journal/1748-3190
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9. Dickerson, B.H., Munk, Y., Roth, E., and Daniel, T.L., “Wing Mechanosensing 
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